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ABSTRACT

Plutonium-doped zircon containing about 10 wt% Pu was
synthesized in this cooperative project between Russia
and the United States conducted at the V. G. Khlopin
Radium Institute. The sol-gel method was used for
starting precursor preparation to provide complete mixing
of initial components and to avoid dust formation inside
the glove-box. The sol-gel process also gives interim Pu
stabilization in the form of amorphous zirconium
hydrosilicate (AZHS), which is a result of gel
solidification. AZHS is a solid and relatively durable
material that can be easy converted into crystalline
zircon by pressureless sintering, thus avoiding significant
radioactive contamination of laboratory equipment. A
methanol-aqueous solution of tetraethoxysilane
Si(OC2H5)4, Pu-nitrate, and zirconil oxynitrate was
prepared in final stoichiometry of zircon (Zr,Pu)SiO4

80 wt% + zirconia (Zr,Pu)O2  20 wt%. Gelation occurred
after 90 hours at room temperature. AZHS with excess of
zirconia 20 wt% was obtained as an interim calcine
product and then it was converted into zircon/zirconia
ceramic by sintering at 1490 to 1500°C in air for different
time periods. The samples obtained were studied by SRD
and ESEM methods. It was found that both zircon yield
and zircon cell parameters that are correlated with Pu
incorporation depend on sintering time.

1.  INTRODUCTION

The choice of zircon as the plutonium host-phase and
justification of its durability are based on previous studies
[1-10, 13]. Most earlier experiments on zircon synthesis
were carried out using a Ce admixture as the Pu-simulant
[10, 13]. However, there was information about successful
synthesis of Pu-doped zircon containing 10 wt% 238Pu
[14]. Because the technological problems associated with
providing a full stoichiometry of a starting precursor
synthesis of 100% zircon-based ceramic are difficult, we
decided to use a zircon/zirconia-based ceramic (80-90%
zircon and the rest zirconia). This allowed us to apply a
non-stoichiometric precursor with an excess of Zr [4, 8-
10]. The

goal of this work was to study in detail the physico-
chemical properties of Pu-doped zircon/zirconia ceramic,
in particular the features of the zircon-Pu host-phase.

2.  EXPERIMENTAL

Pu oxide (mostly 239Pu) powder was dissolved in nitric
acid while heating for 16 hours inside a specially
designed glove-box (Fig. 1a). A methanol-aqueous
solution of tetraethoxysilane Si(OC2H5)4, Pu-nitrate and
zirconil oxynitrate was prepared in final stoichiometry of
zircon (Zr,Pu)SiO4 80 wt% and 20 wt% zirconia
(Zr,Pu)O2. Generally, the Pu content provided for the
final ceramic was about 10 wt% (estimated for Pu
metal). Gelation occurred after 90 hours at room
temperature. The solidified gel of yellow-green color
obtained was transparent (Fig. 1b), and no inclusions or
sediments were found by optical microscopy. The solid
gel was slowly heated in the air at 330°C for 1 hour to
release most of the nitrogen oxide. Amorphous zirconium
hydrosilicate (AZHS) with excess of zirconia about 20
wt% was obtained as interim calcine product. Then some
of the pieces of AZHS, 1 to 1.5 cm in size, were heated
in an alumina crucible up to 1500°C and sintered at this
temperature in air for over 1 hour. Another portion of the
AZHS pieces were ball milled in wet (water) media for 2
hours, and cold pressed into pellets 0.8 cm in diameter
and 0.5 cm in height. Then these pellets were sintered in
air at 1490–1500°C, some for 1.5 hours and others for 3
hours, 15 min. The samples obtained were studied by x-
ray diffraction (XRD) and scanning electron microscopy
(ESEM) methods.

3.  RESULTS AND DISCUSSION

The features of the synthesized samples are summarized
in Table 1. In comparison with the first two samples, the
third does not contain a significant amount (more than
0.5 wt%) silica as crystobalite or amorphous forms;
therefore, it can be considered to be the result of
complete synthesis. A separate pure PuO2 phase was not
found in the matrices of   
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Figure 1. (a) The chain of glove-boxes used for Pu-ceramic fabrication and (b) the solidified Pu-containing gel
for the synthesis of zircon/zirconia ceramic.   

Table 1. Features of Pu-ceramic samples synthesized by sintering in air.

Sintering conditions Yield in wt%

#
Starting

precursor
Time

(H:min)
Temp.

(°C)

Ceramic
density
(g/cm3) Zircon

Mono-
clinic

zirconia

Tetra-
gonal

zirconia

Zircon cell
parameters
(angstroms)

1
Nonmilled
AZHS

1 1490 3.1-3.2 10-20 40 20 a = 6.597±0.005
c = 5.972±0.006

2
Milled and
cold pressed
AZHS

1:30 1500 3.27 75 1 10 a = 6.609±0.004
c = 5.984±0.004

3
Milled and
cold pressed
AZHS

3:15 1490 3.72 80 1-3 15 a = 6.615±0.004
c = 5.990±0.004

all samples, despite the fact that Sample 2 contains
about 10 wt% and Sample 3 contains about 1 to 3 wt% of
a not clearly identified Pu-Zr-oxide phase, probably
(Pu0.5Zr0.5)O2. It is important to note that Pu incorporation
in zircon lattice (and as a result, increasing cell
parameters) was correlated with time of sintering (Table
1). Probably this means that Pu distribution in zircon
microcrystals is not homogeneous: central parts of the
crystals have a lower Pu content than peripheral ones.
The same situation was found earlier for the crystals of
high-uranium zircon from Chernobyl lava [1, 2].
Monoclinic and tetragonal zirconia phases in all samples
are also characterized by shifted peaks on x-ray
diffraction spectra, which without doubt are caused by Pu
incorporation into their lattices. ESEM examination has
shown that generally zircon and zirconia phases in
matrices of all samples form homogeneous mixtures with
particle sizes less than 1 micron. However, some
relatively large particles (20–30 microns in size) of Pu-
containing zirconia can be also observed. Unreacted
silica (Samples 1 and 2) forms separate inclusions 10 to
30 microns in size, and does not contain Pu admixture
(detection limit, 0.1 wt%).

CONCLUSIONS

The results obtained allow us to make the following
conclusions:

• Successful synthesis of 10 wt% 239Pu-doped
zircon/zirconia ceramic was carried out by sintering
in air at 1490°C from the precursor fabricated by the
sol-gel process.

• Sintering of AZHS at 1490°C for 3 hours 15 minutes
provided almost a complete yield of Pu-doped
zircon/zirconia host-phases, avoiding any remaining
unreacted silica and the formation of a separate PuO2

phase.
• Pu incorporation took place in the zircon lattice. As

a result, increasing cell parameters are correlated
with the time of sintering. As assumed, zircon
microcrystals have a zonal Pu distribution in their
matrices with less Pu content in the central parts and
the highest Pu content in the peripheral parts.
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